A combinatorial immunoglobulin gene library was constructed from lymphocytes in peripheral blood of a patient with toxoplasmosis and screened for production of human monoclonal antibody Fab fragments to recombinant surface antigen 1 (SAG1) of Toxoplasma gondii. Two Fab clones, Tox203 and Tox1403, which consisted of a common heavy chain and different light chains, showed positive staining on the entire surface of tachyzoites in confocal microscopy. Sequence analysis of the heavy-chain gene revealed that the closest germ line V segments were VH3-23. The germ line D segment was D1-7, and the closest germ line J segment was JH4. In the light-chain genes, the closest germ line V segment was V1-17 with the J1 or J4 segments. The dissociation constants of these Fab fragments with recombinant SAG1 were 3.09 ؋ 10 ؊9 M for Tox203 and 2.01 ؋ 10 ؊8 M for Tox1403, indicating that the affinity of Tox203 was 7 times higher than that of Tox1403. Preincubation of T. gondii tachyzoites with Tox203 significantly inhibited their attachment to cultured MDBK cells. Passive immunization of mice with Tox203 also significantly reduced mortality after challenge with T. gondii tachyzoites. This is the first report of bacterial expression of human monoclonal antibody Fab fragments to SAG1 of T. gondii. These results also demonstrate that human Fab fragments to SAG1 might be applicable for immunoprophylaxis of toxoplasmosis.
Toxoplasma gondii is an obligate intracellular parasite in the phylum Apicomplexa and infects a variety of warm-blooded domestic and wild animals worldwide. It is an important foodborne parasite transmitted primarily from animals to humans through meat, as well as through oocysts shed by cats into the environment (25) . Infection in humans is usually asymptomatic in immunocompetent hosts. However, primary infection during pregnancy can result in severe neonatal malformations and ocular complications in the fetus. In immunocompromised hosts such as patients with human immunodeficiency virus/ AIDS, reactivation of the latent infection results in symptomatic diseases such as toxoplasmic encephalitis (14, 22) . Transmission of T. gondii by organ transplantation from a seropositive donor to a seronegative recipient is also an important potential cause of disease in heart, heart-lung, kidney, liver, and liver-pancreas transplant patients (25) .
The surface of T. gondii is the first component to contact the host cells. The T. gondii surface is coated by closely related antigens that belong to the surface antigen 1 (SAG1)-related sequences (SRS) superfamily (13, 16) . SAG1 is the most abundant and immunogenic of these antigens and is important for the process of invasion. Treatment of T. gondii with mouse monoclonal or rabbit polyclonal antibodies to SAG1 inhibits parasite attachment to host cells (24) . Fab fragments derived from a mouse monoclonal antibody also showed dose-dependent inhibition of parasite attachment (23) . Therefore, human monoclonal antibodies to SAG1 may be applicable for prevention of transmission and reactivation of T. gondii in immunocompromised hosts.
Hybridoma technology has been relatively unsuccessful for generation of human monoclonal antibodies. However, several methods for preparation of human monoclonal antibodies have been developed through recent advances in molecular biology (3, 5, 36) . Here, we report the production of neutralizing human monoclonal antibody Fab fragments to SAG1. We also evaluated the protective effect of the Fab fragments by passive immunization in experimental T. gondii-infected mice.
MATERIALS AND METHODS
Parasites. The RH strain of T. gondii was maintained by intraperitoneal passages in BALB/c or ICR mice. Briefly, 10 2 to 10 3 tachyzoites in 500 l of phosphate-buffered saline (PBS) were intraperitoneally (i.p.) injected into each mouse. Tachyzoites were obtained from peritoneal exudates of the mice 4 to 7 days after injection. The exudates were diluted with PBS and forcibly extruded through a 27-gauge needle twice to release tachyzoites from host cells. The exudates were then passed twice through a Nuclepore polycarbonate membrane filter (8.0-m pore size; Costar Corp., Cambridge, MA) to separate parasites from host cell debris and were washed twice with PBS. The harvested tachyzoites were used for further experiments within 2 h. The parasites were also maintained in vitro in HeLa cells cultured in minimal essential medium (MEM) supplemented with 10% fetal bovine serum at 37°C with 5% CO 2 .
Preparation of recombinant SAG1. Total RNA from T. gondii tachyzoites was isolated by using a RNeasy Plus minikit (Qiagen GmbH, Hilden, Germany). The nucleotide sequence encoding amino acids 61 to 289 of SAG1 was amplified from the RNA by using a GeneAmp RNA PCR kit (Perkin-Elmer Cetus, Norwalk, CT). According to the sag1 sequence (GenBank accession no. AAO61460), sense (5Ј-CCC ATA TGT TCA CTC TCA AGT GCC CT-3Ј) and antisense (5Ј-CCC  TCG AGT TAC CCT GCA GCC CCG GCA AA-3Ј) primers were designed with inclusion of NdeI and XhoI restriction sites, respectively. Thirty cycles of PCR were performed as follows: denaturation at 94°C for 15 s (120 s in cycle 1), annealing at 55°C for 30 s, and polymerization at 72°C for 60 s (180 s in cycle 30). The amplified DNA fragment was digested by NdeI and XhoI and ligated with pET19b vector (Novagen, Madison, WI). The plasmid containing the correct sequence was introduced into Escherichia coli BL21 Star (DE3)/pLysS cells (Invitrogen, Carlsbad, CA). The bacteria were grown in Luria broth containing 100 g of ampicillin/ml and 34 g of chloramphenicol/ml. When the optical density at 600 nm reached 0.6, the expression of recombinant SAG1 with a histidine tag was induced with 1 mM IPTG (isopropyl-␤-d-thiogalactopyranoside) at 30°C for 4 h. Recombinant SAG1 proteins accumulated as inclusion bodies in E. coli and were solubilized by using a protein refolding kit (Novagen) and purified by affinity chromatography using His-Bind resin (Novagen) according to the manufacturer's recommendations.
Construction of an immunoglobulin gene library. Peripheral blood (15 ml) was obtained from an immunocompetent adult man with acute acquired toxoplasmosis. Lymphocytes were separated from the blood by density-gradient centrifugation using Ficoll-Paque (Pharmacia, Uppsala, Sweden). Construction of a combinatorial immunoglobulin gene library from the lymphocytes was performed as previously described (32) . Briefly, total RNA was purified from lymphocytes and used to synthesize cDNA. Genes encoding and light chains and the Fd regions of ␥ and heavy chains were amplified by 30 cycles of PCR. The light-chain genes were first ligated with an expression vector, pFab1-His2, and then introduced into E. coli JM109 cells. The vector with inserts was then ligated with the Fd heavy-chain genes and introduced into E. coli cells.
Screening of clones producing anti-T. gondii SAG1 antibodies. Screening of positive clones producing anti-T. gondii SAG1 antibodies was performed by colony blotting as previously described (9) . Approximately 5 ϫ 10 3 colonies per 90-mm plate were grown on Luria broth agar containing 50 g of ampicillin/ml at 37°C. Colonies were transferred to nitrocellulose filters and then incubated on the surface of fresh plates containing 1 mM IPTG at 30°C for 6 h. The filters were treated with chloroform vapor and then incubated with lysis buffer (100 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM MgCl 2 , 1.5% bovine serum albumin, 1 g of DNase/ml, and 40 g of lysozyme/ml) overnight. After being washed with PBS containing 0.05% Tween 20 (PBST), the filters were subjected to blocking with PBS containing 3% skim milk for 1 h. Each filter was incubated with 400 g of recombinant SAG1 and then with plasma from the patient. Positive signals on the filters were detected with a horseradish peroxidase (HRP)-conjugated goat antibody to human whole IgG (ICN Pharmaceuticals, Aurora, OH) and a Konica HRP-1000 immunostaining kit (Konica Co., Tokyo, Japan). Positive clones were identified in the original plates and then cultured in 1.5 ml of super broth medium (30-g tryptone, 20-g yeast extract, and 10-g 4-morpholinepropanesulfonic acid per liter [pH 7.0]) containing 50 g of ampicillin/ml. After treatment with 0.1 mM IPTG in a 30°C shaker for 12 h, the bacteria were pelleted by centrifugation, resuspended in 100 l of PBS containing 1 mM phenylmethylsulfonyl fluoride, and then sonicated. Lysates were centrifuged at 12,000 ϫ g for 10 min, and the supernatants were subjected to a second screening by an enzymelinked immunosorbent assay (ELISA). The light-chain gene from a positive clone confirmed by ELISA and subsequent immunofluorescence analysis was replaced with light-chain genes from the library. The light-chain-shuffled plasmid with the cloned Fd heavy chain was introduced into the bacteria and then screened again.
ELISA. Each well of ELISA plates was sensitized with recombinant SAG1 (0.5 g/well) or recombinant C-Igl (30) of Entamoeba histolytica (0.5 g/well) as a control protein overnight at 4°C. The plates were washed with PBST and then blocked with PBS containing 3% skim milk for 1 h. Supernatant (100 l) containing Fab fragments or the purified Fab fragments were added to the wells and incubated for 1 h at room temperature. After being washed with PBST, the wells were incubated with 100 l of HRP-conjugated sheep antibody to human IgG Fab (ICN Pharmaceuticals, Aurora, OH) for 1 h at room temperature and then reacted with 200 l of a substrate solution (0.4 mg of o-phenylenediamine/ml in citric acid-phosphate buffer [pH 5.0] containing 0.001% hydrogen peroxide) for 30 min. The reaction was stopped by the addition of 50 l of 2.5 N H 2 SO 4 , and the optical density at 490 nm was determined with a model 550 microplate reader (Bio-Rad, Hercules, CA). The plasma of the patient diluted 1:400 with PBS containing 3% skim milk was used as a positive control.
DNA sequencing. Cloned light-chain genes and Fd heavy-chain genes were recloned into sequencing vectors. Cycle sequencing in both directions was performed with a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) using M13 primers. The sequences were obtained using a model ABI Prism 3100 genetic analyzer (Applied Biosystems).
Purification of Fab fragments. Positive clones were cultured in one liter of super broth medium. Portions (20 ml) of each resultant supernatant, prepared as described above, were filtrated through 0.22-m-pore-size filters. Purification of Fabs was performed by affinity chromatography using His-Bind Resin (Novagen, Madison, WI) according to the manufacturer's instructions.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western immunoblotting. Purified Fab fragments were analyzed on 12.5% acrylamide gels containing sodium dodecyl sulfate under reducing conditions, transferred to a nitrocellulose filter, and then incubated with an HRP-conjugated goat antibody to the human chain, an HRP-conjugated goat antibody to the human Fab fragment, and an HRP-conjugated mouse antibody to His-tagged protein (His-probe [H-3]; Santa Cruz Biotechnology, Santa Cruz, CA) (9) . Development was performed with a Konica immunostaining kit.
Immunofluorescence analysis. Indirect immunofluorescent staining was performed essentially as previously described (33) . Tachyzoites obtained from mice were fixed with 4% paraformaldehyde in PBS. Fluorescein isothiocyanate-conjugated goat IgG to human IgG Fab (ICN Pharmaceuticals, Aurora, OH) was used as secondary antibody.
Confocal microscopy. HeLa cells infected with T. gondii tachyzoites were incubated on multispot glass slides and fixed with 4% paraformaldehyde in PBS for 30 min. After being washed with PBS, the glass slides were incubated with 10% sucrose in PBS for 1 h and then stored at Ϫ80°C until use. The slides were treated with 0.05% Triton X-100 in PBS for 5 min. After being washed with PBS, the samples were blocked with 3% bovine serum albumin in PBS for 30 min and then incubated with Fab fragments for 1 h at room temperature. After being washed again with PBS, the cells were incubated with Alexa Fluor 488-labeled goat anti-human IgG antibody (Molecular Probes, Eugene, OR) for 1 h. After final washing, the stained trophozoites were mounted using glycerol containing 1.25 g of DAPI/ml, 1.25 mg of 1,4-diazabicyclo(2,2,2)octane/ml, and 10% PBS. Samples were observed by using a Zeiss LSM700 confocal laser scanning microscope. Tachyzoites isolated from mice were also fixed with 4% paraformaldehyde and used as antigen.
Determination of affinity constant. Measurement of the affinity of purified Fabs by surface plasmon resonance was performed by using a BIAcore 3000 instrument (Biacore AB, Uppsala, Sweden) according to the general procedure outlined by the manufacturer. The recombinant SAG1 was immobilized onto a CM5 chip (Biacore) at a low density. Association and dissociation constants were determined using the software (BIAevaluation 3.1) provided by the manufacturer.
Attachment assay. The attachment assay was performed essentially as described previously by Mineo and Kasper (23) . MDBK cells were cultured in MEM supplemented with 10% fetal bovine serum at 37°C in 5% CO 2 . For the assay, the MDBK cells were plated on a 96-well cell culture plate at a concentration of 2.3 ϫ 10 6 cells/ml and incubated until a subconfluent monolayer was formed. The medium was removed, and the cells were washed with PBS. The cells were fixed with 2.5% glutaraldehyde in PBS for 30 min at 37°C and then washed with PBS. Tachyzoites (5 ϫ 10 5 cells) of the T. gondii RH strain were incubated with various concentrations of Fab in MEM without fetal bovine serum for 90 min at 37°C, washed with ice-cold PBS, and then suspended in MEM with 10% fetal bovine serum. CP33, a human monoclonal antibody Fab specific for Entamoeba histolytica lectin (34), was used as a control Fab. The fixed MDBK cells were incubated with the treated tachyzoites for 30 min at 37°C in 5% CO 2 and washed several times in warm medium to remove unbound parasites. The preparation of tachyzoites and MDBK cells was treated with 3.7% formaldehyde in PBS for 30 min at 4°C. Bound parasites were detected by immunofluorescence with a rabbit polyclonal antibody (ViroStat, Portland, OR) to T. gondii tachyzoites as the primary antibody and fluorescein isothiocyanateconjugated goat IgG to rabbit IgG as the secondary antibody (ICN Pharmaceuticals, Aurora, OH). The number of parasites per 100 host cells was determined in three experiments.
Passive immunization and challenge. Three groups of 6-week-old female ICR mice (eight mice per group) received an i.p. injection of 0.5 ml of PBS containing 0.1, 1.0, or 10 mg of the human Fab to T. gondii at 24 h before challenge. Control mice received an i.p. injection of 10 mg of CP33 in PBS. All mice were challenged i.p. with 100 viable tachyzoites of the T. gondii RH strain. Each group received injections of the same amount of human Fab at 1 and 72 h after challenge. Mice were fed and housed under normal conditions and were observed until 60 days after challenge.
Statistical analysis.
Statistical analyses of differences in inhibition of tachyzoite attachment by Fab fragments in vitro were performed by using the Student t test. Kaplan-Meier analysis was used to assess survival, and a log-rank (Mantel-Cox) test was used for comparison between two groups. Differences were considered to be significant at P Ͻ 0.05. Analyses were performed using SPSS v13.0.
Nucleotide sequence accession numbers. The nucleotide sequence data reported in the present study have been deposited in the DDBJ, EMBL, and GenBank databases under accession numbers AB585999 to AB586001.
RESULTS

Cloning of human Fab clones.
The combinatorial immunoglobulin gene library constructed from peripheral lymphocytes of a patient with toxoplasmosis contained approximately 3 ϫ 10 6 clones. We screened 6 ϫ 10 5 clones by colony blotting with recombinant SAG1. Secondary screening by ELISA gave 30 positive clones (0.005%) to SAG1. When the reactivities of these Fabs to T. gondii tachyzoites were examined by indirect immunofluorescence microscopy, only one clone, designated Tox11, showed positive staining on the cell surface. However, sequence analysis of the light-chain gene showed deletion of the second framework and complementarity-determining region (CDR) 2 in Tox11. Therefore, the heavy-chain gene of Tox11 was recombined with light-chain genes from the library, and then a shuffled library consisting of 10 5 clones was constructed. We screened 2 ϫ 10 3 clones from the light-chain shuffled library by ELISA and indirect immunofluorescence microscopy. Finally, two clones, designated Tox203 and Tox1403, were obtained. These Fab fragments showed remarkably strong positive staining patterns on the surface of tachyzoites in indirect immunofluorescence microscopy.
Reactivity of human Fabs. Tox203 and Tox1403 were cultured in large scale, and recombinant Fab fragments were purified by affinity chromatography. The purified Fab fragments showed two bands on SDS-PAGE with molecular The optical density of Tox203 (1.90) was higher than that of Tox1403 (0.99) at 2 g/ml. Confocal microscopy was used to localize the antigen recognized by Tox203 and Tox1403 on tachyzoites. The entire surfaces of free tachyzoites and multiplying tachyzoites in host cells were stained (Fig. 1) . The host cells were not stained with these Fabs. Primary structure and gene usage of human Fabs. The heavy-and light-chain genes of Tox203 and Tox1403 were sequenced. The deduced amino acid sequences are shown in Fig. 2 . The CDR sequences in the light chains differed somewhat between Tox203 and Tox1403, with changes in 5 of 10 amino acids in CDR1, 4 of 7 in CDR2, and 4 of 10 in CDR3. The germ lines of the heavy-and light-chain genes were analyzed by sequence homology using IgBLAST (NCBI; http: //www.ncbi.nlm.nih.gov/igblast/) ( Table 1 ). The closest germ line for the V segment in the heavy-chain gene was VH3-23, and those for the D and J segments were D1-7 and JH4, respectively. The closest V germ line in the light chains of both clones was V1-17. For the J segments, J4 was used in Tox203 and J1 in Tox1403.
Affinity of human Fab fragments. The affinities of Tox203 and Tox1403 for recombinant SAG1 were measured by surface plasmon resonance. The dissociation constants were 3.09 ϫ 10 Ϫ9 M and 2.01 ϫ 10 Ϫ8 M, respectively (Table 2 ). Since the affinity of Tox203 was approximately 7 times higher than that of Tox1403, we chose to use Tox203 in further experiments.
Inhibition of tachyzoite attachment by Fab fragments in vitro. To examine the effect of Tox203 on parasite-host cell attachment, a quantitative attachment assay was performed in vitro. Tox203 significantly blocked tachyzoite attachment to MDBK cells in comparison with a control Fab, CP33, which is specific for E. histolytica (P Ͻ 0.05). The blocking effects of Tox203 were concentration dependent, ranging from 7% at 20 g/ml to 52% at 200 g/ml (Fig. 3) .
Protection of mice from lethal toxoplasmosis by Fab fragments. An in vivo experiment was performed to evaluate whether Tox203 protected mice from lethal T. gondii infection. Fab fragments were injected in mice 24 h prior and 1 and 72 h after challenge. In the control group, all mice died within 10 days after challenge. Mice that received injections of 1 mg of Tox203 had a median survival period of 11.5 days, which was significantly longer than that of 9.0 days in the control group (P ϭ 0.01), although all mice died within 13 days after challenge (Fig. 4) . In contrast, survival was prolonged significantly in mice treated with 5 or 10 mg of Tox203, in comparison to the control group (both P ϭ 0.001). By 60 days after challenge, 38 and 50% of mice were alive in the groups treated with 5 and 10 mg of Tox203, respectively.
DISCUSSION
In the present study, two human monoclonal Fab fragments to T. gondii SAG1 were generated from a combinatorial immunoglobulin gene library derived from a patient with toxoplasmosis. To our knowledge, this is the first report of bacterial expression of human Fab fragments to SAG1 of T. gondii. Phage display systems have been used for screening of Fab fragments from immunoglobulin gene libraries (3, 35) , while we have used colony blotting for screening and prepared human Fabs to major surface molecules of several pathogens (8, 9, 20, 34) . Since fewer clones are screened in colony blotting, antibodies to major antigens must be abundant in the libraries. Indeed, SAG1 is the most abundant surface molecule of T. gondii (17) , and serum antibodies to this molecule have been detected in patients with toxoplasmosis (6, 12, 19, 28) . Therefore, the results of the present study show that screening by colony blotting is effective for libraries constructed from immune patients.
One interesting observation in the study was the partial deletion of the light chain in the Tox11 clone. However, by shuffling of light-chain genes in combination with the cloned heavy chain, we were able to obtain two clones, Tox203 and Tox1403. The affinity of Tox203 was 7 times higher than that of Tox1403. Therefore, shuffling of light-chain genes was effective in finding a better combination of heavy and light chains from the combinatorial library (34) .
Mouse and rabbit antibodies to SAG1 are able to block adherence and/or invasion (23, 24, 27) , although only a subset of anti-SAG1 antibodies exert these blocking effects (11) . In the present study, neutralization of adherence to MDBK cells was detected with Tox203. The surface of T. gondii tachyzoites is covered with SRS proteins, and these proteins constitute a superfamily of at least 160 members, some of which are developmentally regulated (16) . The central peptide sequence of SAG1 seems to be conserved in all members of the SRS family (37) . It is unclear whether Tox203 is reactive with all proteins in the SRS family; however, confocal microscopy in the present study demonstrated that the antigen recognized by Tox203 was located across the entire surface of both intra-and extracellular tachyzoites (18) .
The closest germ lines of the cloned heavy-chain gene were VH3-23, D1-7, and JH4 for the V, D, and J segments, respectively. A search of nucleotide databases located three human anti-SAG1 heavy-chain genes (AY506559, AY789123, and AY789125). These genes also had VH3-23 and JH4 in the V and J segments, but the D segments were D3-16 and D3-9. No biological data are available for these immunoglobulin molecules, but it is likely that the VH3 antibody is the major immunoglobulin to SAG1 of T. gondii. This appears to agree well with the proposal that VH3 antibodies are important for defense against a variety of viruses (2, 15) and bacteria (1, 29) , as well as a parasite (31, 34) . The closest V germ line in the light chains was V1-17, and the J segments were J4 in Tox203 and J1 in Tox1403. Anti-SAG1 light-chain gene sequences (AY506560, AY789124, and AY789126) were also found in database searches, and the germ lines in all of these genes were V1D-39 and J1.
An effective vaccine against human T. gondii infection is desirable, and SAG1 is one of the most promising vaccine candidates (4, 10, 26) . However, toxoplasmosis is also problematic in an immunocompromised host, and passive immunization may be useful in such a host due to reduced cellular immunity. Passive immunization of mice with anti-SAG1 antibody following challenge with a lethal dose of tachyzoites significantly increased survival compared to mice treated with control ascites (7) . T. gondii tachyzoites treated with mouse monoclonal antibodies to SAG1 are reported to be gathered together, destroyed, deformed, and swollen, with the formation of holes and gaps on the surface (21) .
Passive immunization of mice with Tox203 in our study also significantly reduced mortality in mice challenged with T. gondii. However, a whole IgG molecule is required to elicit complement activation and antibody-dependent cellular cytotoxicity. Recent advances enable production of whole IgG molecules using cloned genes for variable regions, and we plan to evaluate the in vivo effect of IgG molecules including Tox203 in further studies. 
